The relationships among surface energy, adsorbed organic matter, and attached bacterial growth were examined by measuring the degradation of adsorbed ribulose-1,5-bisphosphate carboxylase (a common algal protein) by attached bacteria (Pseudomonas strain S9). We found that surface energy (work of adhesion of water) determined the amount and availability of adsorbed protein and, consequently, the growth of attached bacteria. Percent degradation of adsorbed ribulose-1,5-bisphosphate carboxylase decreased with increasing hydrophobicity of the surface (decreasing work of adhesion). As a result, growth rates of attached bacteria were initially higher on hydrophilic glass than on hydrophobic polyethylene. However, during long (6-h) incubations, growth rates increased with surface hydrophobicity because of increasing amounts of adsorbed protein. Together with previous studies, these results suggest that the number of attached bacteria over time will be a complex function of surface energy. Whereas both protein adsorption and bacterial attachment decrease with increasing surface energy, availability of adsorbed protein and consequently initial bacterial growth rates increase with surface energy.
The amount of adsorbed organic matter and the supply of dissolved organic matter to surfaces are likely to affect growth rates of attached bacteria in aquatic environments. The supply of dissolved organic matter has been shown to be important for free-living bacteria (9) , but there are no comparable studies with attached bacteria. In fact, few studies have examined the degradation of natural adsorbed organic matter and possible interactions among surfaces, adsorbed organic matter, and attached bacteria. Although degradation of several toxic substances (e.g., phenol) is stimulated by adsorption (reviewed in reference 19) , adsorption of DNA to sand appears to inhibit DNase activity (12) , and bacterial growth on protein is lower when clay is present, probably because adsorption inhibits protein degradation (6, 13) .
The effect of adsorption on protein degradation is particularly important to consider because proteins and glycoproteins are said to dominate the adsorbed organic film on surfaces in nature (11) . Also, amino acids resulting from proteolysis are likely to be more important than other organic nitrogenous compounds in affecting growth rates of attached bacteria in aquatic ecosystems, which has been shown to be the case for free-living bacterial assemblages (9) . An important factor in determining the rate of protein degradation is obviously the amount of adsorbed protein.
Analogous to bacterial attachment (1), protein adsorption is controlled by surface energy (2, 10) , an effect that appears to be even greater in seawater (10) . Proteins adsorb more to low-energy surfaces (low wettability, e.g., Teflon) than to high-energy surfaces (high wettability, e.g., glass). The relationship between surface energy and degradation of adsorbed protein has not been examined.
The purpose of this study was to examine the effect of surface energy on the degradation of adsorbed protein and subsequent growth of attached bacteria. We used ribulose-1,5-bisphosphate carboxylase (RuBPCase) for our experi-* Corresponding author. (14) . Pseudomonas sp. strain S9 was used as the test organism because previous work has examined attachment and exoprotease production by this bacterium (3, 20) . Our data suggest that adsorption to low-energy surfaces initially inhibits protein degradation, which results in low bacterial growth rates.
MATERIALS AND METHODS
Surfaces. The surfaces used here were 7-ml polyethylene or borosilicate glass scintillation vials. In some experiments, the glass vials were treated to change their surface energy. The compounds summarized in Table 1 which included water and dissolved low-molecular-weight organic material, was between 95 and 99% of total dissolved radioactivity; (iii) radioactivity adsorbed onto the surface.
To examine the amount of adsorbed RuBPCase that had been respired and assimilated by the bacteria, glass and polyethylene surfaces were treated to give a protein film with attached bacterial cells as described above. In addition to the measurements listed above, the treatments of subsamples included the following. (iv) After TCA precipitation, 0.25 ml of the supernatant was dried (65°C) with nitrogen gas or air. To calculate production of [3H]water, the radioactivity in the dry sample was subtracted from radioactivity in the supernatant after TCA precipitation. (v) Surfaces were shaken with 2% Tween 80 for 1 h to remove attached bacterial cells. The liquid phase was filtered through 0.2-,um filters and the radioactivity on the filters, which was [3H]RuBPCase assimilated by attached bacteria, was measured.
Control experiments were performed to determine the efficiency of the Tween 80 treatment in removing cells and the amount of 3H-labeled material extracted from cells. Cells were grown in PY-ASW with a 3H-labeled amino acid mixture (215 mCi mg-'; ICN Radiochemicals). After centrifugation and washing with ASW, 3H-labeled cells were allowed to attach to surfaces with unlabeled RuBPCase. The surfaces were then treated with Tween 80 as described above, and the liquid phase was filtered through 0.2-,um membrane filters (Millipore Corp.). Radioactivity on the filter and radioactivity per cell revealed that approximately 80% of the cells was removed from the surfaces by the Tween 80 treatment. Extraction of radiolabeled material from the cells was examined by measuring the radioactivity in the filtrate from the 0.2-,um filter. The filtrate contained only 1.5% of total radioactivity. These control experiments indicated that the Tween 80 treatment was effective in removing attached cells without extracting radiolabeled cellular material.
The effect of bacterial exoenzymes on adsorbed RuBPCase was also examined. After growth in PY-ASW, Pseudomonas sp. strain S9 was resuspended in ASW without nutrient and energy sources for 24 h. This strain produces high amounts of exoenzymes under these starvation conditions (3) . The starvation solution was centrifuged at 15,000 x g for 30 min, and the supernatant was filtered through a 0.2-,um filter to remove cells. The (Fig. 1A) . The highest adsorption of RuBPCase (0.46 ,ug cm-2) was to polyethylene, which was the most hydrophobic surface tested (WA = 73 mN m-1) (Fig. 1A) . Adsorption of RuBPCase was lowest to glass (0.28 ,ug cm-2), the least hydrophobic surface tested (WA = 144 mN m-'). Desorption of adsorbed RuBPCase from polyethylene surfaces was only 6% of adsorbed protein (Fig. 1B) .
Surfaces with the highest WA values (107 and 144 mN m-1, hydrophilic) had the highest desorption (17%).
Attachment of bacteria to surfaces without adsorbed protein decreased with increasing WA (Fig. 1C) . On the hydrophobic polyethylene surface, 23.6 x 105 cells cm-2 were attached, whereas on the hydrophilic glass surface only 9.1 X 105 cells cm-2 were attached (Fig. 1C) . However, when the surfaces were coated with RuBPCase, attachment was higher to the hydrophilic surface and increased with WA (Fig. 1C) .
Degradation of adsorbed protein. Hydrolysis of adsorbed protein by exoenzymes from Pseudomonas sp. strain S9 was examined by measuring dissolved TCA-soluble radioactivity after exposing adsorbed protein to the starvation supernatant (containing exoproteases) from Pseudomonas sp. strain S9. The percentage of adsorbed protein released into the TCA-soluble fraction by exoprotease activity decreased with decreasing WA (Fig. 2) . Protein adsorbed to hydrophilic surfaces was easily hydrolyzed by the exoenzymes; 45% of the adsorbed protein was released as TCA-soluble material (Fig. 2) . For the most hydrophobic surface, polyethylene (WA = 73 mN m-'), the TCA-soluble fraction released was 8% of the adsorbed protein (Fig. 2) .
Similar results were observed with cells of Pseudomonas sp. strain S9 attached to surfaces with protein (Fig. 3) . Availability of adsorbed protein to exoproteases increased with increasing WA (decreasing hydrophobicity). The radioactivity in the TCA-soluble fraction increased from 4 to 16% (1-h incubation) and 27 to 71% (6-h incubation) with increas- ing WA (Fig. 3A) . Similar results were observed when percent hydrolysis was normalized per cell in the 6-h incubation (Fig. 3B) . For the 1-h incubation, however, there was no relationship between percent hydrolysis per cell and WA (Fig. 3B) .
We measured the proportion of adsorbed protein mineralized to 3H20, incorporated into cells and in the TCA-soluble fraction. TCA-soluble material released from both surfaces (glass and polyethylene) was a large fraction of total degradation (between 68 and 78%) of adsorbed RuBPCase (Table  2 ). In addition, the percent mineralized to 3H20 was similar for both surfaces over time. The assimilated fraction (i.e., radioactivity in the cells) varied with surface hydrophobicity and over time ( polyethylene (6%) in 1-h incubations. However, the fraction incorporated into cells after 6 h of incubation was similar, approximately 3.0% for both surfaces (Table 2) .
Bacterial growth rate and production. After 1-h incubations, growth rates of attached bacteria were highest (0.14 h-') on the surface with the highest WA (144 mN m-1, glass) (Fig. 4A) . Growth rates decreased with decreasing WA and were lowest (0.05 h-1) for the most hydrophobic surface (WA = 73 mN m-', polyethylene). After the 6-h incubation, growth rates on hydrophilic glass dropped to <0.01 h-1 ( decreased due to degradation. In contrast, growth rates on hydrophobic polyethylene increased from 0.05 to almost 0.1 h-1 (Fig. 4A) . Like attached abundance and growth rates, bacterial production (the product of both abundance and growth rates) increased with increasing WA (Fig. 4B) . After 1 h of incubation, bacterial production was highest (27.7 x 105 cells cm-2 h-') on the surface with the highest WA (144 mN m-1, glass) (Fig. 4B) . Production was lowest (2.6 x i05 cells cm-2 h-1) for the most hydrophobic surface (WA = 73 mN m-1, polyethylene). After 6 h of incubation, bacterial production on glass dropped to 0.6 x 105 cells cm-2 h-1 and there was a negative relationship between production and WA (Fig.   4B) .
We compared growth rates of attached bacteria with the initial amount of adsorbed protein (Fig. 5) . Growth rates increased with increasing amounts of adsorbed protein (Fig.  5) , but only for 6-h incubations (Fig. 5) . For 1-h incubations, there was an inverse relationship between growth rates and the initial amount of adsorbed protein (Fig. 5) . This inverse relationship probably results from the initially low availability of the high amount of protein adsorbed to hydrophobic surfaces (low WA).
DISCUSSION
Our results indicate that degradation of adsorbed protein and subsequent growth of attached bacteria depends on two major factors. The first is availability of the adsorbed protein for the bacteria and their exoenzymes. The second factor is the amount of adsorbed protein. Surface energy (here measured by water WA) influences both factors.
In general, protein adsorption decreases with surface energy and increases with hydrophobicity (2, 10). Kirchman et al. (10) tested the relationship between RuBPCase adsorption and surface hydrophobicity by using surfaces manufactured with different materials (e.g., Teflon, different plastics, and glass). In this study, we used siliconized glass and polyethylene surfaces (Table 1) . RuBPCase adsorption onto these surfaces with different treatments was similar to that reported by Kirchman et al. (10) .
Protein adsorption was highest on polyethylene, which explains why growth rates of attached bacteria were higher on polyethylene than on glass after 6 h. However, initially (1- (Fig. 4A) .
In conclusion, the number of attached bacteria depends on The important point is that all surfaces have some degree of hydrophobicity, which should affect attachment, adsorption, and degradation of adsorbed material even if the surface also can be degraded by bacteria. Protein adsorption is independent of substratum composition, aside from how that composition affects surface energy (10) . Perhaps the same is also true for degradation of adsorbed material.
